. We slope of the field excitatory postsynaptic potential (fEPSP) is 176% Ϯ 31% in the tetanized pathway and wondered whether ERK plays a general role in all forms of LTP, or whether it is recruited selectively for specific 108% Ϯ 4% in the nontetanized pathway (n ϭ 9). Moreover, this LTP is predominantly dependent on the NMDA forms of LTP. We therefore examined LTP elicited by a single 1 s 100 Hz train. This form of LTP does not require receptor. Twenty minutes after tetanization in 100 M D,L-AP5 (n ϭ 4), the tetanized pathway is only 128% Ϯ PKA or macromolecular synthesis (Huang et al., 1996) . We found that pretreatment of hippocampal slices with 13% of baseline. Unlike LTP elicited by a single highfrequency (100 Hz) train, the LTP elicited by brief 5 Hz 20 M U0126 had no effect on LTP elicited by a single train, suggesting that ERK does not play a general role stimulation is reduced by the PKA inhibitor H89 (Thomas et al., 1996) . Consistent with these results, we find that in LTP but rather is recruited selectively for distinct forms ( Figure 1C ). pretreatment of slices with the PKA inhibitor KT5720 (1 M) similarly reduced LTP elicited with this protocol ( Figure 1A Because PKA is required for early components of LTP slightly, this enhancement is variable and transient in the absence of tetanic stimulation (Figures 2A and 2B ). elicited by 5 Hz stimulation, we determined whether ERK, which can be recruited by PKA, also participates This is in contrast with other agents that activate cAMP signaling and elicit lasting, macromolecular synthesisin this component of LTP by pretreating slices for 1 hr (C) LTP evoked by pairing Iso and 3 min of 5 Hz stimulation is impaired in hippocampal slices from ␤1-AR knockout and ␤1/␤2-AR double knockout mice (␤1, n ϭ 6; ␤1/␤2, n ϭ 9). Wild-type time course represents the data obtained from wild types of both the ␤1 and ␤1/␤2 knockout lines (n ϭ 12). (D) LTP evoked by pairing Iso and 3 min of 5 Hz stimulation is normal in hippocampal slices from ␤2-AR knockout mice (n ϭ 3). There was a trend for the remaining response in slices from double knockouts to be greater than those in ␤1-AR knockouts, although this trend did not reach statistical significance (p ϭ 0.17, Student's t test, 20 min after tetanus). The response to 3 min of 5 Hz stimulation in the absence of Iso was indistinguishable between ␤2 knockouts and FVB controls, suggesting that the absence of the ␤2-AR gene did not produce a general alteration in the response to 5 Hz stimulation (percent of baseline fEPSP slope 30 min after 5 Hz stimulation: 115% Ϯ 9% in knockout, n ϭ 7; 115% Ϯ 13% in wild type, n ϭ 6). It should be noted that the ␤2-AR knockout mice examined were on an FVB background, whereas the ␤1-AR knockout mice examined were a cross of C57b6 and 129 strains. Since the ␤1/␤2-AR double knockout created by the mating of these two strains contains a mixture of FVB, C57b6, and 129, this trend may reflect differences in the strains of these animals. (E) Input-output plots of stimulus intensity versus fEPSP slope in hippocampal slices from ␤1-and ␤1/␤2-AR wild-type mice (n ϭ 23 slices from 7 mice) versus ␤1-and ␤1/␤2-AR knockout mice (n ϭ 20 slices from 7 mice). dependent increases in synaptic transmission in area tetanus; Figure 2C ) but not in slices from knockout mice lacking the ␤2-AR ( Figure 2D ).
CA1.
The lack of effect of Iso on basal transmission and LTP in hippocampal slices from the ␤1-and ␤1/␤2-AR 
al., 1995). If ERK regulates LTP induced by 5 Hz stimula-
CA1 pyramidal cells (Madison and Nicoll, 1986 ). Regulation of the AHP by ␤-AR activation has been proposed tion and Iso by inducing a similar shift in the frequencyresponse curve, one might predict that inhibitors of ERK as a mechanism for regulation of LTP (Sah and Bekkers, 1996). Finally, ERK could participate directly in the would also shift the response to prolonged 5 Hz stimulation alone in addition to reducing LTP induced by this downstream signal cascade necessary for the maintestimulus. However, preincubation of hippocampal slices nance of LTP effector mechanisms. with U0126 had no effect on the response to a 3 min 5
To address the first possibility, we analyzed fEPSP Hz stimulation protocol in the absence of Iso (fEPSP slopes elicited during brief 5 Hz stimulation. We found percent of baseline 30 min after 3 min of 5 Hz stimulation: that during the tetanus there was a short plateau of the no drug, 113% Ϯ 10%, n ϭ 5; U0126, 121% Ϯ 25%, n ϭ 5). fEPSP slope, followed by decay down to a steady-state level within the first 30 s of the tetanus, remaining at this level when 5 Hz stimulation was prolonged to 3 min ERK Regulates the Number of Postsynaptic Spikes ( Figures 4D and 5D ). In both cases, this fEPSP slope 
n ϭ 4). induced by ␤-AR activation is not associated with obvious alterations in inhibitory transmission (Gereau and ␤-AR Activation Stimulates the Rapid Phosphorylation of ERK in the Dendrites of CA1 Pyramidal Cells Conn, 1994b). We further found that coadministration of Iso and a 3 min 5 Hz stimulus evokes robust LTP in the in a PKA-Dependent Fashion
The finding that ERK participates in regulating postsynpresence of the GABA A receptor antagonist picrotoxin (100 M, 193% Ϯ 47% of baseline, 50 min after initiation of aptic responses during the tetanus suggests that this ERK must be activated by ␤ receptor activation even Iso administration, n ϭ 4). Thus, this LTP is likely to reflect a specific enhancement of excitatory transmisbefore 5 Hz stimulation begins. Thus, we wondered whether Iso activated ERK with a time course and in a sion rather than downregulation of inhibitory transmission.
location consistent with an ability to play a role in this regulation. To determine the spatial and temporal patIf ERK can regulate cellular excitability, is synapse specificity of evoked LTP maintained? This is particuterns of ERK activation elicited by ␤-ARs in area CA1, we used confocal imaging to examine the labeling of larly important since administration of Iso is likely to globally activate ␤-ARs on CA1 pyramidal cells. To exhippocampal slices with an anti-phosphorylated ERK antibody. Hippocampal slices had a relatively low (but amine the synapse specificity of this LTP, we used two stimulating electrodes positioned equidistantly around not undetectable) level of phosphorylated ERK 3-4 hr after dissection. Iso (1 M) induced a rapid increase in a common recording electrode to activate two independent populations of CA1 pyramidal cell synapses in the phospho-ERK immunoreactivity in both the dendritic shafts and in the cell bodies of pyramidal cells in area slice. We found that while administration of Iso alone elicited a slight enhancement of synaptic transmission CA1 ( Figures 6A, 6B, 6G, and 6H ). This activation of ERK by Iso appears to require PKA. Preincubation of at both synapses, NMDA receptor-dependent LTP was hippocampal slices for 1 hr with the PKA inhibitor by pretreatment of slices with 1 M KT5720, suggesting the involvement of PKA in its activation (Figure 7 ). The KT5720 (1 M) significantly reduced the levels of phosphorylated ERK in response to Iso (Figures 6C, 6D , and finding that prolonged 5 Hz stimulation activates ERK but does not elicit LTP suggests that although ERK is 6H). As mentioned above, we found that the aryl hydrocarbon receptor ligand ␣-naphthoflavone (10 M) did necessary, it is, by itself, not sufficient to induce LTP. In fact, it seems unlikely that ERK activated by the tetanus not impede the ability of Iso administered for 10 min to activate ERK (Figures 6E and 6F ; ␣-naphthoflavone could play a role in regulating neuronal excitability during that same tetanus. alone, 100% Ϯ 51% of ␣-naphthoflavone treated slices; ␣-naphthoflavone plus 1 M Iso for 10 min, 187% Ϯ 22%; p Ͻ 0.001).
Double Labeling Experiments Suggest that ␤-ARs Activate ERK in Proximal Dendrites and Cell

Phosphorylation of ERK in area CA1 of hippocampus by ␤-AR activation is rapid and transient. We detected
Bodies of CA1 Pyramidal Cells
The labeling by anti-phosphorylated ERK antibodies phosphorylated ERK within 5 min of Iso administration. This phosphorylation peaked at 10 min and returned to suggests a dendritic and somatic localization of the activated ERK. To confirm this localization, we performed baseline by 1 hr after administration of Iso ( Figure 6G) . Thus, ERK is activated by ␤-ARs with a time course that double labeling experiments using anti-MAP2 and antisynaptophysin antibodies as postsynaptic and presynis consistent with the regulation by ERK of postsynaptic excitability during 3 min 5 Hz stimulation. aptic markers, respectively. As shown in Figure 8 , phospho-ERK immunoreactivity induced by ␤-AR activation We also examined whether 5 Hz stimulation-brief, prolonged, and prolonged in conjunction with Isocolocalized with MAP2 immunoreactivity. In contrast, there was no significant colocalization between phosaffected ERK phosphorylation 30-60 s after the tetanus. Interestingly, we found that each of these conditions pho-ERK and synaptophysin immunoreactivity (data not shown). Thus, these data suggest that ERK is activated results in a similar level of phosphorylation of ERK compared to test stimulated slices (Figure 7) . ERK phosphorrapidly in an appropriate location to participate in regulating the induction of early forms of LTP. ylation induced by 30 s of 5 Hz stimulation was blocked Recording from two independent pathways in area more physiological theta frequency stimulation. Surpris-CA1, we found that the independent, nontetanized pathingly, Thomas and colleagues (1996) found that LTP way was not potentiated in response to 5 Hz tetanization produced by brief theta frequency stimulation is comin the presence or absence of Iso. Thus, even though pletely dependent upon PKA. We have extended these the activation of ERK by Iso is cell-wide, some degree findings by showing that, in addition to requiring PKA, of synapse specificity is maintained. Perhaps backpropthe LTP elicited by theta frequency stimulation differs agating action potentials initiated in the cell soma invade from 100 Hz LTP by also requiring activated ERK.
dendrites and play a role in amplification of depolarization by weak stimuli to allow effective depolarization ERK Plays a Role in the Postsynaptic Response and thus activation of NMDA receptors of tetanized synduring Theta Frequency Stimulation apses (reviewed by Magee et al., 1998) . In fact, the by Regulating the Generation downward deflection of "complex spikes" on the fEPSPs of Complex Spikes recorded in the stratum radiatum is consistent with a Our data suggest that one mechanism by which ERK dendritic "origin." Dendritic action potentials are subject regulates LTP induced by theta frequency stimulation to modulation, and ␤-AR activation doubles the ampliis through the regulation of spike burst generation by tude of these spikes in a PKA-dependent manner (Hoffman and Johnston, 1999). the postsynaptic cell during the tetanus. In vivo CA1 outcome of a learning experiment is critically dependent on the specific protocol used. Slight changes in protocol can produce either different behavioral outcomes or In Neurons, ␤-ARs Can Recruit Kinases Other Than PKA to Regulate Cellular Excitability and LTP phenotypically similar outcomes that are mediated by mechanistically different combinations of processes. A In addition to showing that ␤-ARs can activate ERK, our data show that activated ERK plays a role in the body of evidence now suggests that synapses that undergo LTP, such as the Schaffer collateral synapse, in facilitation of LTP by ␤-AR activation. To determine the specific subtype of ␤-AR involved in this effect of Iso, fact can undergo a family of phenotypically similar but mechanistically quite different synaptic changes. Thus, we examined the ability of Iso to elicit LTP when paired with a 3 min 5 Hz tetanus in ␤1-, ␤2-, and ␤1/␤2-AR even NMDA receptor-dependent LTP does not necessarily imply a single mechanism, making it critical that knockout mice. We found that the responses to Iso were completely abolished in ␤1-and ␤1/␤2-AR knockout several different protocols for eliciting LTP be employed when examining the effects of a drug or genetic manipumice but not in ␤2-AR knockouts. Thus, the ␤1-AR is required for Iso-induced facilitation of LTP by prolonged lation. 5 Hz stimulation in area CA1 of hippocampus. These data are consistent with previous pharmacological stud-
Experimental Procedures
ies that suggested that some of the effects of Iso on 
